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A friction stir weld (FSW) is a solid state joining operation whose processing
parameters are currently determined by lengthy trial and error methods. To implement
FSWing rapidly in various applications will require an approach for predicting process
parameters based on the physics of the process. Based on hot working conditions for
metals, a kinematic model has been proposed for calculating the shear strain and shear
strain rates during the FSW process, validation of the proposed model with direct
measuring is difficult however.
Since the shear strain and shear strain rates predicted for the FSW process, are
similar to those predicted in metal cutting, validation of the FSW algorithms with
microstructural studies of metal chips may be possible leading to the ability to predict
FSW processing parameters.
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INTRODUCTION
1.1

Ti-6Al-4V
Titanium (Ti) alloy, Ti-6Al-4V, was selected for this study based on its 2 phase

microstructure and low thermal conductivity. Ti-6Al-4V is alloyed with 6 wt.%
aluminum (Al) and 4 wt.% vanadium (V) to form a microstructure consisting of alpha (α)
and beta (β) grains [1]. The two phase microstructure is comprised of the equiaxed
morphology of the Al stabilized hexagonal closed-packed (HCP) α phase and the lathe
morphology of the V stabilized body-centered cubic (BCC) β phase. Figure 1.1
illustrates the crystallographic structure of these two phases highlighting the slip systems
[2].

Figure 1.1

Crystallographic Structures. (a) HCP (b) BCC [2]
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As shown in the Ti-Al phase diagram in Figure 1.2, Al stabilizes the range of the
α phase by increasing the elevated  transition temperature for transforming into the β
phase. The Ti-V phase diagram in Figure 1.3 shows that the β phase is stabilized down to
room temperature [3].

Figure 1.2

Ti-Al phase diagram [4]

Line represents 6 wt.% of Al to Ti
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Figure 1.3

Ti-V phase diagram [4]

Line represents 4 wt.% of V to Ti
In Ti-6Al-4V, the equilibrium β transus is around 1000 ⁰C as seen in the ternary
diagrams in Figure 1.4. The microstructural morphology and area fraction of the two
phase Ti-6Al-4V is controlled by the heat treating parameters [2] as illustrated in Figure
1.5. The time-temperature-transformation (TTT) diagram in Figure 1.6 shows that the
amount of  phase formed is a function of the quench rates.
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Figure 1.4

Ternary diagrams of Ti-6Al-4V at 800, 900, and 1000 ⁰C

The dot shows the composition of Ti-6Al-4V. The α + β phases coexist at 800 and 900
⁰C, and transform to the single β phase at 1000 ⁰C [2].

Figure 1.5

Representation of the cooling effects on the microstructure

(a) Shows a pseudo phase diagram of Ti-6Al-4V. Shown in (b) and (d) are the effects of
microstructure changes above and below the β transus using air cooling. (c) and (e) show
the effects of microstructure changes above and below the β transus using water
quenching [2]
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Figure 1.6

TTT diagram for Ti-6Al-4V [5]

While the volume fraction of the  phase varies as a function of processing,
phase volume fraction in mill annealed Ti-6Al-4V is reported to be around 10-12% [1],
[6]. The lathe morphology of the  grains is expected to act as an internal marker to
determine localized strains in deformed regions of the Ti-6Al-4V. Similar structure are
seen in studies by Shaw [7] in which localized strain was calculated in chips of Ti-6Al4V formed during a cutting operation based on the deformation of oxides in the metal. A
similar approach may be possible using the more ductile BCC  phase due to the small
volume content and lath shape.
1.2
1.2.1

High strain deformation processes
FSWing
Friction Stir Welding (FSW), shown schematically in Figure 1.7, is a solid state

welding process. Interaction between the tool and workpiece results in frictional and
5

deformational heating which soften the metal during joining. A downward force (Z
direction) plunges the non-consumable rotating tool, consisting of a shoulder and pin,
into the material. As the tool rotates, the pin stirs the softened workpieces together. The
softened material is contained between the shoulder of the rotating tool and a backing
anvil. When producing a butt FSW, the tool traverses the seam to produce a bonded
joint. Since no melting occurs, the FSW can theoretically be as strong as the material
being joined [6], [8], [9].

Figure 1.7

Schematic of FSW process [8]

The different zones in a FSW are illustrated in Figure 1.8. The different zones
have different microstructural characteristics as a result of the different hot working
conditions during the FSW process. Adjacent to the centralized weld nugget (Figure
1.8D) is the thermo-mechanical affected zone (TMAZ) (Figure 1.8C), which has
experienced deformation, but temperatures were not high enough to drive grain
refinement. A heat affected zone (HAZ) (Figure 1.8B) is between the TMAZ and the
parent material (PM) (Figure 1.8A) in which the metal has been heated, but not
6

deformed. The centralized weld nugget experiences the most extreme hot working
conditions and is characterized by the refinement of the grains, as shown in the transverse
metallograph in Figure 1.9.

Figure 1.8

Zone classification in friction stir welding

(A: parent material, B: HAZ, C: TMAZ, D: weld nugget) [10]

FSW nugget
Nugget

Figure 1.9

Transverse section of Ti-6Al-4V FSW [6]

Since FSW was developed by TWI in 1991, researchers have attempted to define
the hot metal working conditions associated with the FSW process. In hot metal
working, the shear strain, shear strain rate, and time at temperature affect the
microstructure formed. Table 1.1 summarizes the shear strain rate predictions in the
FSW process using various analytical and numerical modeling approaches. Table 1.1
also includes the various experimental methods that can be used to test materials at these
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strain rates [11]. As validation is needed to verify a model, Table 1.1 illustrates that no
one experimental method is able to cover the wide range of strain rates predicted in FSW.
Table 1.1

Summary of predicted strain rate ranges in FSW processes compared with
experimental methods [12]
Typical
Experimental
Strain Rates

-1

Strain Rate (s )

6

10
5
10
4
10
3
10
2
10
1
10
0
10
-1
10
-2
10
-3
10
-4
10
-5
10

Taylor Anvil Impact
Split Hopkinson Bars
Torsional Gleeble

Quasi Static

Goetz &
Jata
(Solid
Mech)

Askari

Seidel

Nunes

(CTH Code)

(CFD)

(Kinematic)

Material
Material Dependent
Independent
Black boxes represent range of strain rates predicted by the models. Diagonal stripes
show overlap of different testing methods. Metal cutting range seen as 103s-1 to 106s-1.
In Table 1.1, the different models have been divided into those where the results
are dependent on the material properties being known at the strain, strain rate, and
temperature conditions vs those which are independent of knowing the material
properties.
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Gotez and Jata [13] developed a two-dimensional model for simulating the
material flow around the tool utilizing the Finite Element Method (FEM) code,
DEFORM 3D. Gotez and Jata’s model couples the thermal and mechanical processes.
For each material, the flow stresses are input into the model as a function of strain and
temperature. The finite difference approach breaks the material into a discrete grid which
tracks the deformation process. The estimated the strain rate was on the order of 10-1 s-1
with strains of 2 – 5.
Askari [14] used the CTH Code, which is a three dimensional finite difference
hydro-code that also couples the thermal and mechanical processes. Tool geometry and
material properties can be changed and evaluated. The material model used was elasticplastic with thermal softening. The Johnson-Cook plasticity model [15] was used due to
approximate the thermo-viscoplastic response of ductile metals. The temperature field
was modeled and predicted the material flow as captured by the marker studies. No
estimate of strain or strain rate was made.
Seidel et al. [16] used a two dimensional, computational fluid dynamics (CFD)
simulation using FLUENT. The material was assumed to be a laminar flow of an
incompressible non-Newtonian fluid. The elastic behavior and strain hardening of the
material was neglected for the simulation. By utilizing the Zener-Hollomon parameter
[17] to determine the temperature dependent strain rate. The model ignores the elasticity
of the material and assumes the material only undergoes pure plastic deformation. The
CFD approach predicted a strain rate in the range of 101 s-1 to 103 s-1 with no estimates of
strain.
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Nunes [18] has taken a different approach by using a kinematic model that is
material independent. By looking at what happens when material enters the zone around
the pin of the tool, a relationship was made between rotational velocity and shear zone
thickness as illustrated in Figure 1.10.

Figure 1.10

Schematic relating velocity to shear zone thickness[19]

The equations for shear strain and shear strain rate are given in equations 1.1 and
1.2, respectively:
γ≅

R∙ω
V

γ̇ ≅

∙ cosθ
R∙ω
δ

(1.1)
(1.2)

where R is the radius of the shear zone, ω is the angular velocity of the tool, and δ the
thickness of the shear zone. Precise measurements of the shear zone have not been made,
although it is finite in thickness and estimated to be 0.01 times the pin diameter [18].
Although the shear zone is a finite distance from the tool, its radius is approximated by
the tool radius. Based on typical FSW parameters, the kinematic model gives the highest
10

predicted shear strain rate of 103 s-1 to 106 s-1 with strains on the order of 50 to 100,
dependent on entrance to the flow stream.
As noted in Table 1.1, various approaches to describe the hot working conditions
in FSW predict a wide range of strain rates. As the material dependent models rely on
material properties being known at these conditions, Table 1.1 also illustrates the
difficulties in obtaining experimental stress versus strain over a wide range of strain rates.
Due to the difficulty in collecting, uncertainty occurs in model predictions which rely on
material properties at known conditions of strain, strain rate and temperature.
1.2.2

Metal Cutting
Metal cutting imposes localized, extreme deformation conditions that the material

cannot uniformly accommodate. Thus localized adiabatic shear bands form in which the
deformation is concentrated. Formation of these adiabatic shear bands are favorable to
metal cutting as the material easily fractures within this region allowing for removal and
breaking of the resulting chips. Figure 1.11 illustrates the metal cutting process and
labels the regions where primary and secondary shear bands are found.
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Figure 1.11

Schematic showing deformation zones [20]

The shear strain in the primary shear region is calculated by equations 1.3 and 1.4
and the shear strain rate is calculated using equation 1.5 [7]:
cos 𝛼

𝛾 = sin 𝜙∙cos(𝜙−𝛼)

(1.3)

𝑡
∙cos 𝛼
𝑡𝑐
𝑡
1− ∙sin 𝛼
𝑡𝑐

(1.4)

𝑡𝑎𝑛𝜙 =

cos 𝛼

𝑉

𝛾̇ = cos(𝜙−𝛼) ∙ ∆𝑦

(1.5)

where V is the cutting velocity, Δy is the spacing between segmented chips,  is the tool
angle, t is the chip thickness before the cut, and tc is the chip thickness after cut as
illustrated in Figure 1.12 [20].
The chip thickness before the cut is often assumed to be equal to the depth of cut.
To calculate the strain and strain rate, the inputs to equations 1.3-1.5 are obtained by
measuring the chip thickness after the cut, as well as the spacing between shear zones.
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Figure 1.12

Schematic of chip [20]

The desired cutting parameters, such as RPM, feed, and depth of cut, are material
dependent. These are often obtained empirically and are typically summarized in a
Machinery’s Handbook [21]. Applying typical cutting parameters to a metal working
approach, estimations of the applied shear strain in the primary shear zone is <10 with
global shear strain rates in the range of 103 s-1 to 106 s-1.
Figure 1.13 shows the change in microstructure in these regions. The adiabatic
shear bands in the primary shear zone result in the formation of serrated chips that are
separated by the designation of primary shear bands. While estimations of global strain
and strain rate are straightforward, strain in the localized secondary shear region is harder
to calculate. Shaw [7] has taken the approach of using the thickness of a contained oxide
layer to estimate strains in the range of 20 – 50 or more, in the secondary shear region.
These values, along with estimations of the shear strain rate, approach what is reported
for FSW using the Nunes Kinematic model [7].
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Tool
cutting
direction

Figure 1.13

Stop action image of a metal chip

Stopped during a cutting operation which highlights the primary and secondary shear
zones [22]
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MICROSTRUCTURAL RESPONSE TO DEFORMATION
Dislocation activation is known to accommodate deformation, or shear strain, in a
metal. Sustained and uniform deformation can be obtained only if the generation of
dislocations is balanced with their annihilation. If the generation of dislocations in
response to deformation dominates, then the material undergoes strain hardening until it
reaches an ultimate tensile strength. The ultimate tensile strength is the limit to which
deformation can be uniformly accommodated. After the ultimate tensile strength, flow
instabilities occur which lead to breakage. Generally elevated temperatures are needed to
balance dislocation creation and annihilation to obtain conditions of steady state flow.
At high temperatures, dislocation annihilation can dominate resulting in softening of the
metal until breakage occurs.
Although metals are considered to be relatively strain rate insensitive, high strain
rates can result in regions of localized deformation or flow instabilities. These regions
are referred to as adiabatic shear bands. Shear bands occur during deformation at high
strain rates where heat generated locally causes a reduction in strength that is large
enough to overcome the effects of strain-hardening allowing for localized deformation
[23].
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All dislocation dominated accommodation mechanisms result in changes to the
microstructure. These changes depend on the amount of deformation and temperature.
Following repeated application of strain and heating, the grains can be refined, especially
in the close packed FCC systems in which both cross slip and climb can occur. In other
material systems with limited slip systems, such as BCC and HCP, twinning may occur.
Twinning differs from slip as the orientation of planes are not the same above and
below the twin plane and usually movements are much less than an atomic distance [24].
These microstructural changes can be uniform throughout the bulk material or in the case
of adiabatic shear bands only occur within the banded region. These types of
microstructural changes can be reverse engineered to determine the deformation
conditions experienced by a metal.
2.1

Twinning
Twinning is a deformation mechanism that occurs when a portion of a crystal

shifts in orientation to compensate for the displacement of another part of the crystal.
This is done in a symmetrical way about the twinning plane. There are two types of
twins, mechanical and annealing as shown in Figure 2.1. Mechanical twins, Figure 2.1a,
usually occur in less close packed crystallographic systems such as BCC and HCP
materials, during deformation. Whether mechanical twins are formed is dependent on the
grain size, temperature, and strain rate. Twinning occurs when the critical resolve shear
stress is lower than that required to activate slip.
The second type is annealing twins, Figure 2.1b. Usually occurring in close
packed FCC structures, they are broader with straighter sides than mechanical twins.
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Annealing twins occur during heat treatments following prior mechanical deformation
[24].

Twins

(b)

Figure 2.1

(a)

Examples of twinning

(a) Mechanical Twins in zinc. (b) Annealing twins in gold-silver alloy [8]
Twins can also occur in response to high strain rates in coarse grained materials.
Due to the high strain rate nature of metal cutting, twins could form in metal chip
applications. Although the hot working conditions of metal cutting suggest strain rates
on the order of 103 to 106 s-1, twins have not been reported in metal cutting of Ti-6Al-4V
[7]. Astakhov [25] argues that at strain rates above 103 s-1, the number of observed twins
should greatly increase and that the calculated strain rates by other authors do not agree
with available experimental data [25]. Meyers has countered this argument by showing
that the strain rate is also dependent on temperature and grain size [26].
2.2

Shear Bands in FSW process
Figure 2.2 is a plan view of a FSW which has been polished down to mid plate

thickness removing any of the shoulder influenced metal flow. The diameter of the
17

removed pin is labeled as Dpin and shown filled with epoxy. A contrast can be observed
between the undeformed parent material and the FSW refined grain material. It has been
proposed that this sharp demarcation is similar to that of the flow instability associated
with an adiabatic shear band [27]. The Nunes Kinematic Model [18] bases the shear
strain rate calculation on the thickness () of this adiabatic shear zone.

ω
Nugget material

Tool travel

Figure 2.2

Top-down view of a FSW

Shows the approximation of a shear zone thickness [18]
The FSW metal is theorized to experience an instantaneously high shear strain
rate of >103 s-1 as it crosses into the nugget region. The spacing of the wire segments
illustrated in Figure 2.3 coincide with the regularity of the spacing of the flow lines in
Figure 2.2. This suggests that the shearing of material entering the rotating plug is
dependent on travel velocity, tool rotation, and assumptions about the value of . he tool

18

travel brings the time factor into the shearing equation and provides a simplified equation
of the strain rate in a manner independent of the material properties.

(a)

Figure 2.3

(b)

Trace wire study of FSW

(a) Top down view of trace wire entering the rotating plug of metal around the pin tool.
(b) Close up of wire entering severe shear zone where it is segmented and deposited in
the wake of the tool travel [19]
2.3

Shear bands in Metal Cutting
Adiabatic shear bands occur during rapid, high strain rate plastic deformation,

such as metal cutting, where heat generated locally causes a localized reduction in
strength that is large enough to overcome the effects of strain-hardening [23]. Figure 2.4
illustrates the four kinds of chips that form in metal cutting; segmental (a), continuous
(b), continuous with built up edge (c), and non-homogeneous (d). Adiabatic shear bands
separate the regions on the chip resulting in the formation of segmented and inhomogeneous chips shown in Figure 2.4a and d [30].
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Figure 2.4

Different formations of chips in metal cutting [30]

In metal cutting of low thermal conductivity titanium, shear bands form in inhomogeneous chips and are characterized by a saw tooth pattern connected by a built up
layer. If localized or adiabatic shear does not occur, the chip remains continuous. Dieter
gives a general relationship for strain rate (𝛾̇ ) in equation 2.1 which links the shear
velocity, 𝑣𝑠 , to the maximum shear zone thickness, (𝑦𝑠 )𝑚𝑎𝑥 [24].
𝑣

𝛾̇ = (𝑦 ) 𝑠

𝑠 𝑚𝑎𝑥

(2.1)

Recht observed the strains of in-homogeneous titanium chips, calculating an
upper range of localized shear strain rate as high as 108 s-1 [23]. Although not quantified,
Recht suggests that there is a lower limit where adiabatic shear is not experimentally seen
[23].
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EXPERIMENTAL PROCEDURE
3.1

Metal Cutting Experiments
The metal chips for this study were prepared in the metal cutting laboratory of Dr.

Carsten Siemers at the University of Braunschweig, Germany. Figure 3.1 shows the
modified Harrison Alpha 400 Plus lathe, capable of operating from 15-2500 rpm, that
was used. The machine was programed to stop after one revolution and automatically
adjusts the speed of rotation as the diameter decreases to maintain a constant surface
cutting speed.

Figure 3.1

Modified Harrison Alpha 400 Plus lathe
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Figure 3.2 shows the TiN coated cemented carbide (WC) cutter that was used and
changed after each cut. Figure 3.3 shows the 120 mm diameter and 100 mm length Ti6Al-4V bar stock used to cut the chips. The Ti stock was supplied by ThyssenKrupp AG
in accordance with ASTM B-348 for wrought Ti alloys. The bar stock was mounted in
the lathe and the surface machined to eliminate any eccentricity and ensure a smooth
cutting surface. Grooves, 3 mm wide by 10 mm deep, were machined to provide free
edges during cutting.

Figure 3.2

Cutting insert for lathe tool

Figure 3.3

Ti-6Al-4V bar stock
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To produce orthogonal cuts, the flat edge of the cutting tool was used with a rake
angle of 0° as shown in Figure 3.4. Counterclockwise rotation of the material was
initiated at a set rotational velocity. The tool plunged to a set depth normal to the cutting
surface of the material. After one rotation, the machine stopped and the chip was
quenched in water to retain the as-cut microstructure by preventing grain growth. The
cutting surface was then machined smooth to prepare for the next cut.

Figure 3.4

Schematic of turning operation with chip morphology

Table 3.1 shows the 21 different parameters that were assessed. The rotational
velocity for the cuts was varied within a range of 20 m/min to 160 m/min, with a depth of
cut for each speed taken at 0.1, 0.2 and 0.3 mm.
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Table 3.1

Summary of metal cutting conditions

Test
1
2
3
4
5
7
8
10
11
12
13
14
15
17
18
19
20
22
23
24
25

3.2

initial
speed
(RPM)
255
255
255
127
127
127
380
380
380
506
506
506
317
317
317
190
190
190
64
64
64

initial
cutting start
final
velocity diameter diameter
(m/min) (mm)
(mm)
80
120.0
119.8
80
119.8
119.4
80
119.4
118.3
40
118.3
118.1
40
118.1
117.1
40
117.1
116.5
120
116.5
115.7
120
115.7
115.3
120
115.3
114.7
160
114.7
114.8
160
114.8
114.4
160
114.4
113.7
100
113.7
113.1
100
113.1
118.7
100
118.7
118.1
60
118.1
118.0
60
118.0
117.6
60
117.0
116.5
20
116.5
116.5
20
116.5
116.1
20
116.1
115.5

actual depth
speed of cut
(RPM) (mm)
257
0.1
208
0.2
214
0.3
104
0.1
104
0.2
103
0.3
318
0.1
321
0.2
314
0.3
436
0.1
440
0.2
433
0.3
278
0.1
276
0.2
258
0.3
157
0.1
156
0.2
158
0.3
52
0.1
56
0.2
51
0.3

final
cutting
velocity
(m/min)
97
78
80
39
38
38
116
116
113
157
158
155
99
98
96
58
58
58
19
20
19

Metallographic Sample Preparation
Parent microstructure and initial samples of each chip were selected for optical

imaging. Segments of the chips were removed approximately 5 mm from the beginning
of the cut ensuring constant conditions were observed. The chip segments were mounted
in two part epoxy, Scandiplex (Part A 9115/Part B 9116), held in place using plastic clips
to view the thickness and chip segmentation. The specimens were ground and polished
using a Buehler Phoenix 4000 following standard metallographic procedures summarized
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in Table 3.2. The polishing pad rotates in a clockwise (CW) direction while the specimen
rotates in a counterclockwise (CCW direction) through step 7. On the final step (#8),
both operate in a CW rotation. The specimens were cleaned with ethyl alcohol between
each step.
The final polishing medium used was a 5 to 1 ratio of OPS suspension mixed with
H2O2 (30% concentration). OPS is a SiO2 based suspension (0.050 m). After polishing
specimens were etched for approximately 6 sec in a Kroll Reagent (100 ml H2O, 6 ml
HNO3, and 3 ml HF (concentrated)). To preserve prepared samples, a final protective
lacquer was applied (MetCoat 20-8190 from Buehler).
Table 3.2

3.3

Grinding and polishing procedure for metallographic samples

Step

Grinding/Polishing
Medium

Force (N)

Rotation speed/direction
of specimen

Time
(min)

1
2
3
4
5
6
7
8

240 SiC grit
320 SiC grit
400 SiC grit
800 SiC grit
1200 SiC grit
2500 SiC grit
OPS (0.05 m SiO2)
OPS (0.05 m SiO2)

8
8
8
6
6
6
5
3

150 RPM/CCW
150 RPM/CCW
150 RPM/CCW
150 RPM/CCW
150 RPM/CCW
150 RPM/CCW
150 RPM/CCW
150 RPM/CW

0.33
0.50
0.67
1.33
2.00
2.67
10.00
1.50

Optical Microscopy
Digital optical microscopy (OM) macro images were captured using a Zeiss

Imager.M2m optical microscope. Images were obtained over a range of magnifications
from 50x to 1000x, depending on the thickness of the chip. Measurements of chip
thickness and shear band spacing were collected from each image using NIH ImageJ
v1.48 [31] calibrated to the scale bar on the image. Figure 3.5 shows a representative
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specimen which identifies the location of the measurements. Chip thickness was
measured perpendicular to the smooth side of the chip to the peak of the segments seen.
Shear band spacing was measured horizontally from one slanted red line to the next.

Figure 3.5

3.4

Example of Specimen measurements [12]

Transmission Electron Microscopy
Due to the grain size, a transmission electron microscope (TEM) was used to

obtain higher resolution imaging.
Images were taken of the parent material utilizing a JEM-2100 TEM with a LaB6
emitter operated at 200kV at Mississippi State University. The TEM was equipped with
a scanning transmission electron microscope (STEM) and an Oxford energy dispersive xray spectroscope (EDS) system. Use of the STEM allowed elemental maps to be made of
the region of interest to identify the  and  phases on the basis of Al and V content,
respectively.
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Parent material used for creating the metal chips was sectioned to 0.7 mm using a
diamond wafering saw (Figure 3.6). The specimen slice was ground using 320 grit
silicon carbide paper to a thickness of 130 µm. A 3 mm round disk was punched from the
specimen. A dimpling grinder (Figure 3.7) reduced the thickness of the middle from both
sides to 48 µm.

Figure 3.6

Diamond Wafering Saw cutting parent material

Figure 3.7

Dimpling Grinder
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A dual beam ion miller reduced the specimen’s center to electron transparent by
milling from both sides using the parameters listed in Table 3.3. A laser was used to
trigger the machine to stop once pin point penetration occurred.
Table 3.3

Ion Milling Parameters
Voltage
4.0kV
4.0kV

Amperage
5.0ma
3.0ma

Tilt
11 deg.
8 deg.

Time
3 hrs.
Until Penetration.

TEM images were also taken on representative samples at Oak Ridge National
Laboratories (ORNL). Samples were made from metal chip sections using a focused ion
beam (FIB) miller to be able to view the microstructure along the cutting surface. FIB
techniques were used to prepare TEM foils from the cutting surface in the orientation
perpendicular to the cutting direction as shown in Figure 3.8. The FIB lift-out procedure
was conducted on a Hitachi NB-5000 Dual-Beam FIB System. A Hitachi HF-3300
operated at 300kV with a cold emission emitter was used to collect images ranging from
2.5k to 500k magnification. The Hitachi was configured with a STEM and a high angle
annular dark field (HAADF) detector. HAADF is sensitive to elemental variations and
can be used in the STEM mode to map a region highlighting elemental differences. As V
stabilizes the  phase and Al the  phase, the elemental contrast is very apparent using
HAADF.
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Figure 3.8

FIB Orientation.

Segment cut from bottom and removed in direction of red arrow
The thickness differences in the  grains were used to determine the localized
stress. Comparing the change in thickness of the elongated  grain found in the parent
material and that in the secondary shear zone of the metal chip, the shear strain (γ) can
be estimated using equation 3.1 [31]
𝑑

𝛾 =  √( 𝑑0 )2 − 1
where 𝑑0 is the original thickness and 𝑑 is the thickness after processing.
Differentiating the  and  phases relied on both elemental maps as well as
selected area diffraction (SAD). Figure 3.9 shows typical SAD patterns for the two
phases [32].
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(3.1)

(a)

Figure 3.9

(b)

SAD Pattern of Ti-6Al-4V

(a) α phase with zone axis of [-1 1 1] and (b) β phase with zone axis of [0 1 1]
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RESULTS AND DISCUSSION
4.1

Parent material microstructure
The starting microstructure of the parent material was first analyzed to determine

the area fraction of the two phases. ImageJ [33] was used to analyze optical images of
the parent material to determine the area fraction of β grains present. With the darker
spots being β grains in Figure 4.1, particle analysis estimated the  phase present in 25%
by area, higher than what was reported in other studies [6]. Average grain size of the 
phase is 18 + 23 µm by 16 + 19 µm and the  phase is 7 + 10 µm by 6 + 9 µm.

Figure 4.1

Ti-6Al-4V parent material, dark , white 
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4.2

Formation of adiabatic shear bands in metal cutting of Ti alloys
By knowing the strain rate range at which shear bands form in metal cutting, a

comparison can be made to the strain rate and microstructure seen in FSW. In earlier
work published by Recht [19], which discussed metal cutting conditions favorable to inhomogenous titanium chip formation with adiabatic shearing, a lower limit was
postulated where adiabatic shear would not be observed. Although no value was given in
Recht’s study, estimation of the upper and lower limits for formation of in-homogenous
chips with shear bands can be made based on results published [19]. Recht [19] observed
that at a minimum linear velocity of 304.8 mm/min (1 sfm), in-homogenous chips were
formed with a maximum measured shear zone thickness (ys) of 2.54 nm (0.0001 in).
Using Figure 4.1 of a chip formed at 1160 mm/min (3.8 sfm), the red lines show
the shear band angle measured to be approximately 75°. Since limited images were
published from Recht’s study, the following calculation is used as a lower limit estimate
of conditions favorable for formation of in-homogenous chips with adiabatic shear bands.

Figure 4.2

Titanium chip cut at a velocity of 1160 mm/min (3.8 sfm) [23]
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The linear velocity (V) can be converted to shear velocity (Vs) using equation 4.1:
𝑉𝑠 = 𝑉𝑐𝑜𝑠(𝜑)

(4.1)

where 𝜑 is the angle between the shear band and the cutting plane, a value is given which
can be used to calculate shear strain rate (𝛾̇ ) in equation 4.2.
𝑉

𝑠
𝛾̇ = (𝑦 )𝑚𝑎𝑥
𝑠

(4.2)

Using equation 4.2, a lower limit for shear strain rate producing titanium in-homogeneous
chips is estimated on the order of 103 s-1. Recht [19] has reported an upper shear strain
rate of 108 s-1 which combined with the estimate for the lower shear strain rate gives a
range of 103 s-1 to 108 s-1 where in-homogenous chip formation with adiabatic shear
bands would be expected. This is within the range predicted by the Nunes Kinematic
Model for successful formation of FSWs [24].
Another comparison of the similarities of mechanisms in FSW and metal cutting
can be seen in the microstructural response to the imposed deformation. No evidence of
twinning is observed in either the Ti-6Al-4V metal chips or in the Ti-6Al-4V FSWs.
Figure 4.3 shows temperatures vs cutting speed for Ti alloys, 18-8 stainless steel, and
AISI 1113 steel. At 100 m/min cutting speed for Ti, a temperature of about 800 ⁰C (1073
K) would be predicted. When plotting this temperature in Figure 4.4, a trend is seen that
high strain rates (> 104 s-1) would only induce twinning in grains on the order of 100μm.
At the lowest temperature reported for cutting titanium (250 ⁰C) in Figure 4.3,
mechanical twinning due to cutting induced shear strains would not be expected in
titanium alloys with fine grains < 3 μm. Calculations based on these conditions agree
with the experimental data showing a lack of twins in the metal chips.
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Figure 4.3

Variation of cutting interface temperature with cutting speed.

(1) Titanium alloy (2) 18-8 stainless steel (3) AISI 1113 steel. Rake angle of 0⁰ except
for (3) which is 20⁰. Undeformed chip thickness = .06 mm [7]

Figure 4.4

4.3

Slip-Twinning transition points in titanium [26]

Hot working conditions of metal cutting experiments
One chip from each condition listed in Table 3.1 was metallographically prepared

and optically imaged. The images were analyzed to calculate the strain and strain rate
conditions. Using equation 1.3, the global shear strains ranged from 2.0 to 6.4. The
34

corresponding calculated shear strain rate ranged from 1 x 104 to 8 x 105 s-1 using
equation 1.5. Similar to that reported in the literature, a large variation was observed in
the formation of shear bands. Davies and Burns [34] showed that as cutting speed
increases, shear band spacing increases until an asymptotic limit. They also reported that
as the cutting speed decreases, a critical value will be reached where the shear band
spacing approaches zero and deformation becomes more uniform. Figure 4.5 shows
similar trends in this study.

a)

b)

Figure 4.5

Variations in chip deformation at cutting velocity

a) 20 mm/min, b) 160 mm/min
The plot in Figure 4.6 shows the calculated shear strain rate vs. shear band
spacing with 4 regions noted showing various chip segmentations. As with cutting speed,
the depth of cut also has an effect on the strain rate and shear band spacing seen. There
are distinct groupings of the data relating to depth of cut, with 0.2 mm being in the range
where regular spacing is seen. Regular spacings are also observed at a shear strain rate of
2 x 105 s-1 which is in the range of FSW.
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Figure 4.6

Shear band spacing as a function of shear strain rate [12]

In Figure 4.6, the secondary shear region is not clearly defined for the 0.1 mm
depth of cut but can be seen in increasing thickness on cut depths of 0.2 mm and 0.3 mm.
Secondary shear band thickness measurements were taken from the 0.2 and 0.3 mm depth
of cut specimens. These measurements were then compared to strain rate in Figure 4.7
where the secondary shear band thickness is noted to increase as the strain rate decreases.
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Figure 4.7

Secondary shear band thickness compared to shear strain rate [12]

As the thickness of the adiabatic shear band or shear zone thickness was assumed
to be constant in the Nunes Kinematic Model, correlation with metal cutting could offer
improvement to the model by incorporation of the variation in shear zone thickness with
the strain rate. Consider the typical FSW parameters used for Ti-6Al-4V: a 12 mm
diameter pin tool, rotating at 300 rpm, and traveling at 40 mm/min [6]. Table 4.1
compares the initial estimation of the shear rate for the hot working conditions of FSW
(equation 1.2) and then updates the estimate based on using the secondary shear band
thickness measured in this study for the  term.

37

Table 4.1

Estimation of shear strain rate for FSW of Ti-6Al-4V
Thickness
0.120 mm
0.006 mm

Assumed δ term
Secondary shear band thickness

Shear Strain Rate
104 s-1
105 s-1

By replacing the δ term with the secondary shear band thickness, a higher shear
strain rate is calculated. However, the strain rate is still within the range predicted by the
Nunes Kinematic Model and is comparable to that associated with in-homogenous chip
formation with shear banding in metal cutting.
4.4

Localized strain estimation
To compare the shear strain between metal cutting and FSW, the four specimens

shown in Figure 4.6 were used for further study of the secondary shear band region and
to evaluate the thickness of the β grains before and after deformation. Figure 4.8 shows
the elongated β grains in a TEM image of the secondary shear zone in a metal chip using
a HAADF detector in the STEM mode.

β grains

Figure 4.8

TEM/STEM image of elongated grains in HAADF mode.

The V rich  grains are apparent by the lightness in elemental contrast
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Measurements of the width of the lath shaped β grains were taken for the 4 chip
specimens to compare to the undeformed parent material shown in Figure 4.9. An
average of the measured thicknesses were taken from the four deformed samples. The
resulting average was 20 nm + 10.

Figure 4.9

TEM/STEM HAADF image showing β grain thickness (black arrow)

The parent material was also evaluated for comparison. By using the correlation
between V rich regions in β grains, EDS mapping was done in the STEM mode as shown
in Figure 4.10a. Once a  grain was identified, SAD patterns were taken at a higher
magnification to verify the β phase (Figure 4.10b-c).

a)

Figure 4.10

b)

c)

STEM and EDS

(a) EDS Overview (b) V rich β grain (c) STEM with location marked for SAD pattern
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Measurements of the thickness of parent material β grains were measured using
ImageJ [33] and averaged for a value of 813 + 19 nm. Validation of the  phase,
identified by V rich region, was confirmed by indexing the diffraction patterns, Figure
4.11, from the grain image in Figure 4.10c. Once the EDS elemental information was
correlated with the SAD, EDS was useful to rapidly identify and map out the location of
the  phase grains.

Figure 4.11

Indexed BCC SAD Pattern from TEM [011] Zone Axis of β grains

Using the measured average thickness in the metal chips versus that in the parent
material, equation 3.1 was used to calculate an average shear strain of 40 localized in the
secondary shear zone. The strain falls in the range of what Shaw suggests [7], and is at
the lower end of the 50-100 range predicted by the Nunes Kinematic model for FSW.
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SUMMARY
To provide a basis for selection of process parameters for FSWing, correlation
with hot working conditions are needed. This study evaluated the similarity between the
hot working conditions of strain and strain rate established in metal cutting. By
comparing microstructures of the metal cutting specimens, the hot working conditions
predicted in metal cutting appear to be very similar to the Nunes Kinematic model for
evaluating FSW parameters. Localized shear strain in the metal chips was approximately
40, in the secondary shear region. This is at the lower end of the range of 50 and 100
predicted by the Nunes Kinematic Model. A range of metal cutting experiments were
conducted to vary the shear strain rate from 104 s-1 to 106 s-1. In-homogenous chips were
formed at shear strain rates of 105 s-1. Use of the secondary shear zone thickness was
used to modify the shear zone thickness parameter in the Nunes Kinematic Model, which
resulted in a predicted shear strain rate, using parameters for FSW of Ti-6Al-4V, to be
105 s-1.
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FUTURE WORK
Currently FSW parameters are determined by trial and error and have to be
established for each material and thickness. By taking the material independent kinematic
approach proposed by Nunes, a relationship based on physical properties can be
established and process parameters defined. Metal cutting has shown to have similarities
to FSW in terms of strain, strain rate and localized temperature. This study gives a good
starting point to further develop the relationship between metal cutting and FSW. By
using metal cutting to establish parameters, financial gains in material savings and time
can be realized and help with the future progress of FSW.
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